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Abstract 
 
Deficient autophagy causes a distinct phenotype in Dictyostelium discoideum, 
characterized by the formation of multitips at the mound stage. This led us to analyze 
autophagy in a number of multitipped mutants described previously (tipA–, tipB–, tipC–, 
and tipD–). We found a clear autophagic dysfunction in tipC– and tipD– while the others 
showed no defects. tipD codes for a homolog of Atg16, which confirms the role of this 
protein in Dictyostelium autophagy and validates our approach. The tipC-encoded 
protein is highly similar to human VPS13A (also known as Chorein), whose mutations 
cause the chorea-acanthocytosis syndrome. No member of the VPS13 protein family 
has been previously related to autophagy despite the presence of a region of similarity 
to Atg2 at the C terminus. This region also contains the conserved domain of unknown 
function DUF1162. Of interest, the expression of the TipC C-terminal coding sequence 
containing these 2 motifs largely complemented the mutant phenotype. Dictyostelium 
cells lacking TipC displayed a reduced number of autophagosomes visualized with the 
markers GFP-Atg18 and GFP-Atg8 and an impaired autophagic degradation as 
determined by a proteolytic cleavage assay. Downregulation of human VPS13A in HeLa 
cells by RNA interference confirmed the participation of the human protein in 
autophagy. VPS13A-depleted cells showed accumulation of autophagic markers and 
impaired autophagic flux.  
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Introduction  
 
Dictyostelium discoideum is a social amoeba whose developmental process depends on 
macroautophagy (referred to as 'autophagy' hereafter for simplicity). This process is a 
highly conserved lysosomal degradation pathway and it is the main cellular mechanism 
for protein and organelle degradation in eukaryotes.1, 2 It is characterized by the 
formation of double membrane vesicles, the autophagosomes, which engulf a variety of 
cargos including portions of the cytoplasm, protein aggregates or damaged organelles. 
The autophagosomes eventually fuse with lysosomes, where the cargo is degraded and 
the simple biochemical compounds are released for recycling or energy production. At 
the molecular level, autophagy is controlled by different functional complexes, which 
are required for the origin, elongation and maturation of the autophagosomes.3 The 
hierarchical relationship among autophagic proteins allows a tight regulation of the 
process. At the initial step, the inductive complexes containing the serine/threonine 
kinase ULK1/Atg1 (unc-51 like autophagy activating kinase 1) and the class III 
phosphatidylinositol 3 -kinase (PtdIns3K) PIK3C3/Vps34 (phosphatidylinositol 3-
kinase, catalytic subunit type 3/vacuolar protein sorting 34) are recruited to specific 
sites of the endoplasmic reticulum and provide a platform for autophagosome 
biogenesis, the so called omegasome.4 The activity of the PtdIns3K generates a 
PtdIns3P-enriched region to which the complex formed by Atg2 and WIPI/Atg18 (WD 
repeat domain, phosphoinoside interacting) is recruited. Later, the ATG12–ATG5-
ATG16L1 complex and the lipidation of LC3/Atg8 (microtubule-associated protein 1 
light chain 3) to the emerging membrane allow the elongation of the phagophore.5  
 A number of studies in Dictyostelium have revealed the similarities, both 
morphological and molecular, of its autophagic process with that of animal cells.6 In 
addition, this organism possesses several autophagic proteins that are conserved in 
mammals but absent in S. cerevisiae such as ATG101 and VMP1.2, 6, 7 Dictyostelium 
mutant strains lacking Atg proteins display deficient autophagy and developmental 
abnormalities.8-11 The most common phenotype is the block of development at the 
mound stage and the formation of multiple tips instead of normal fruiting bodies. This 
feature can be used as a screening parameter that might help to identify new genes 
involved in autophagy. Four multitipped mutants were described in the laboratory of 
William F. Loomis in 1999 and the proteins affected are named TipA, TipB, TipC, and 
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TipD (DictyBase Gene IDs:  DDB_G0281561, DDB_G0276333, DDB_G0267422, 
DDB_G0275323).12, 13 The 4 tip genes are expressed during vegetative growth and 
throughout development and have parallel but yet unknown functions during 
Dictyostelium development.13 Sequence analysis reveals that tipC codes for a protein 
highly similar to the conserved VPS13 family. In humans, a member of this family, 
VPS13A, is the protein mutated in chorea-acanthocytosis.  
 Chorea-acanthocytosis (ChAc) (OMIM ID: 200150) is a rare autosomal 
recessive neurodegenerative disease. The most relevant symptoms are involuntary 
tensing of muscles (especially those in the face, mouth and limbs), neurodegeneration, 
and erythrocyte acanthocytosis.14-16 This disorder is caused by the loss of function of the 
360-kDa protein VPS13A (also known as Chorein), which is nearly absent in patients.17-
21 A mouse model of the disease has been reported.22 It shows similarities to the human 
syndrome, such as brain pathology and red blood acanthocytosis, but displays a mild 
phenotype with late old-age onset.22 In humans, VPS13A is expressed in a wide variety 
of tissues.23 Defects in actin cytoskeleton regulation have been described in 
erythrocytes, platelets and vascular endothelial cells in the absence of VPS13A.24, 25 In 
simpler organisms, null mutants in Saccharomyces cerevisiae and Tetrahymena 
thermophila suggest a role of Vps13 and VPS13A in membrane traffic and 
phagocytosis respectively but the precise VPS13 function is largely unknown.26-28  
 Here we describe that the VPS13-related protein TipC is required for efficient 
autophagy in D. discoideum. We extended our observations to human VPS13A by 
analyzing autophagy in RNA-interfered HeLa cells. Our results confirmed the role of 
VPS13A in autophagy and suggest the possibility that autophagy is involved in the 
etiology of chorea-acanthocytosis as described previously for other neurodegenerative 
diseases such as Parkinson, Alzheimer, and Huntington diseases.29 This is relevant 
because, at present, no effective therapy for chorea-acanthocytosis is available and there 
is a growing interest of medical research in modulating autophagy as a therapeutic 
treatment.29-31 
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Results  
 
Screening for autophagy defects in Dictyostelium multitipped mutants 
Dictyostelium strains carrying gene disruptions in tipA, tipB, tipC, or tipD showed a 
similar phenotype in which large mounds split up to form multiple tips.13 The similarity 
of this phenotype to the one observed in autophagy-deficient strains2 led us to analyze 
autophagy in these mutants. To this end, autophagic flux was measured by a proteolytic 
cleavage assay described previously.32 A large decrease in autophagic flux was detected 
in tipC– and tipD– strains (Fig. 1A) while tipA– and tipB– mutants showed similar levels 
than those of the wild type (Fig. 1B).  
 Analysis of the predicted protein sequences indicates that tipD (accession 
number EAL69727.1) codes for a protein similar to the yeast Atg16 and human 
ATG16L1. Of interest, the similarity of TipD to the homologous human protein is much 
higher (E-value: 2.2e-59) than to the yeast protein (E-value: 3.8e-4; E-values calculated 
with the LALIGN program from Biology WorkBench, http://workbench.sdsc.edu/) and 
the sequence also contains a large conserved WD-repeat region at the C terminus that is 
present in the human protein but absent in the yeast ortholog (Fig. S1). This domain 
might be involved in protein-protein interactions that have been conserved during 
evolution between Dictyostelium and mammalian cells. The identification of the 
Dictyostelium Atg16 ortholog and the confirmation of its role in autophagy validate our 
approach for the screening of new autophagic proteins using the mutitipped phenotypic 
feature. 
 tipC (EAL73163.1) encodes a large protein of 3848 amino acids highly similar 
to the VPS13 family of proteins (Fig. S2). The human VPS13 family has 4 members 
(VPS13A/B/C/D) and TipC shows the highest homology with VPS13A and VPS13C 
(Fig. S3). No previous connection with autophagy has been reported for any of these 
proteins. Since mutations in human VPS13A leads to chorea-acanthocytosis, a rare 
disease that causes neurodegeneration, we focused on the study of Dictyostelium TipC 
and human VPS13A.  
 
The conserved C terminus of TipC is able to function independently to largely 
complement the mutant phenotype 
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TipC and VPS13A show 3 conserved regions at the N terminus and C terminus (Fig. 2A 
to C). Interestingly, the C terminus contains a small sequence similar to the C-terminal 
region of Atg2, as detected by the NCBI Conserved Domain Search using the Pfam 
database v27.0 (Fig 2A and C). This motif is depicted as ATG_C-terminal domain and 
it is detected in both Dictyostelium TipC and human VPS13A with a significant E-value 
(2.42e-6 and 2.59e-6 respectively). The same region is detected in the yeast protein, but 
with a much less significant score (E-value: 0.29). The C-terminal region also contains a 
conserved domain of unknown function DUF1162. In order to assess the functionality 
of the Tip C-terminal region, we cloned and expressed the coding sequence fused to 
GFP in the tipC– mutant strain. The expression of the C-terminal polypeptide was 
confirmed by western blot using an anti-GFP antibody (Fig. 2D) and by confocal 
analysis of GFP fluorescence, that showed a cytoplasmic localization (Fig. 2E). 
Remarkably, the expression of the fragment largely complemented the mutant 
developmental phenotype (Fig. 2F). The complemented strain no longer displayed the 
characteristic multitipped phenotype. It succeeded to pass the mound stage and form 
normal-looking fruiting bodies. Calcofluor staining, that labels the cellulose walls of 
stalk and spore cells, showed that the few stalks present in the original mutant were 
abnormal. The complemented strain, however, showed fairly differentiated stalks (Fig. 
2G). Nevertheless, the recovery was not complete because some of the structures were 
smaller and had thick stalks. Spore differentiation was also complemented according to 
the ellipsoid morphology of spores that were stained with calcofluor (Fig. 2G) and the 
number and viability of the formed spores. Spore efficiency was quantified in 
comparison with the wild-type AX4 strain and it recovered from 1.70 ± 0.03 % in the 
original mutant to 56.94 ± 0.20 % in the complemented strain. All together, the full 
length protein must be required for a total recovery, but the C-terminal region can 
function independently to some extent during development progression and stalk 
differentiation. Autophagy is required for these processes, and thus, the conserved C 
terminus of TipC probably has a critical function in autophagy.  
 Since autophagy and phagocytosis have been described to be connected 33,34 and 
Tetrahymena thermophila VPS13A is required for efficient phagocytosis,27 we have 
also analyzed this process in the AX4, tipC- and the complemented strains. The results 
indicated a modest defect in phagocytosis in the mutant that was clearly recovered in 
the complemented strain (Fig. 2H).  
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TipC and TipD regulate autophagy at different stages of autophagosome 
formation 
To further characterize the role of TipC and TipD in autophagy and to determine which 
stage of autophagosome formation is affected, we expressed the autophagic markers 
GFP-Atg8 and GFP-Atg18 in tipC– and tipD– strains and visualized them by confocal 
microscopy. The number and the pattern of GFP-Atg8 puncta were altered in both 
strains. tipC– cells showed a reduced number of puncta and also some abnormally large 
structures absent in the wild-type strain. In the case of tipD– cells, they showed a much 
higher number of large structures, which appeared to be protein aggregates (Fig. 3A). 
GFP-Atg8 is an aggregate-prone marker and previous studies in Dictyostelium have 
shown a similar pattern in mutants of the autophagic proteins Atg1, Atg7 and Vmp1,7, 10 
with the presence of large ubiquitinated protein aggregates containing GFP-Atg8. 
Therefore, we analyzed the presence of ubiquitin-positive aggregates by 
immunofluorescence. Both mutant strains contained ubiquitinated aggregates although 
they were larger in tipD– cells, where the colocalization with GFP-Atg8 was also more 
evident and demonstrates that these large structures are not real autophagosomes (Fig. 
3B).  These abnormal patterns and the presence of ubiquitinated aggregates are 
consistent with the observed block in autophagy flux.  
 Due to the GFP-Atg8 tendency to aggregate, we used another marker, GFP-
Atg18, for quantification analysis of puncta (Fig. 4A and B). GFP-Atg18 labels the 
initial stages of autophagosome formation and the puncta pattern is thinner than that of 
the GFP-Atg8. tipC– and tipD– cells showed a distinct GFP-Atg18 pattern. Puncta were 
accumulated in tipD– cells under growth and starvation conditions compared with the 
wild type. Since GFP-Atg18 is recruited to PtdIns3P-enriched endoplasmic reticulum-
derived omegasomes,35 this accumulation suggests that autophagosome formation is 
impaired at a stage posterior to the PdtIns3P signaling. This is consistent with the 
described role of Atg16 in the stage of autophagosome membrane elongation, 
downstream of Atg1 and PtdIns3K in the functional hierarchy.5 Conversely, tipC– cells 
showed a significantly reduced number of GFP-Atg18 puncta. This is in agreement with 
an early blockade in autophagy, as observed in other Dictyostelium mutants lacking 
components that participate at the initial inductive signaling, such as the null mutant in 
Atg1.7  
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VPS13A depletion in human HeLa cells alters the pattern of autophagosome 
markers  
We next studied the consequences of VPS13A depletion in human HeLa cells in order 
to determine if the role in autophagy is conserved. Cells were transfected with control or 
VPS13A siRNAs and the GFP-LC3 and GFP-WIPI1 pattern were observed in growth 
and starvation. Inhibition of VPS13A expression was determined by qRT-PCR. The 
VPS13A mRNA levels were reduced by 89.5 ± 2.9% compared to the levels in control-
transfected cells. Depletion of VPS13A protein was also determined by western blot 
(Fig. 5A). In HeLa cells stably expressing GFP-LC3, a high proportion of VPS13A-
depleted cells showed an accumulation of puncta at the perinuclear region regardless of 
the nutritional conditions. In starvation, besides the perinuclear accumulation, the 
VPS13A siRNA-treated cells showed less translocation of the marker from the nucleus 
to the cytoplasm as compared with the control-transfected cells (Fig. 5B). Puncta 
quantification shows that VPS13A-silenced cells had an increase of puncta in growth 
and this number did not increase during starvation as did occur in the control cells (Fig. 
5C). In HeLa VPS13A-depleted cells transiently transfected with the GFP-WIPI1 
marker, there were more GFP-WIPI1 puncta than in control cells in both conditions, and 
there was not a significant increase following starvation (Fig. 5D and  E). These results 
suggest that the accumulation of puncta might be the result of a deficiency in 
autophagic flux.  
 
VPS13A is required for autophagic flux 
In order to analyze autophagic flux, siRNA-treated HeLa cells stably expressing GFP-
LC3 were incubated in complete or starvation medium in the presence or absence of the 
lysosome inhibitor chloroquine. Protein extracts of at least 3 independent experiments 
were analyzed by western blot to detect GFP-LC3, cleaved GFP, and endogenous LC3-
I/-II levels (Fig. 6). Since GFP-LC3 is degraded by autophagy, the level of GFP-LC3 
has been previously shown to decrease during starvation.36-38 As expected, this was the 
case for the control cells; however, high levels of the marker were present in the 
VPS13A siRNA-treated cells irrespective of the nutritional conditions (Fig. 6A, B). 
Another marker of autophagic flux is the cleaved GFP band, which is generated in part 
by autophagic degradation, as demonstrated by the GFP accumulation in chloroquine-
treated cells. Once more, cleaved GFP accumulation was evident, together with a lesser 
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increase in the presence of chloroquine in starved VPS13A-depleted cells (Fig. 6A and 
C). These experiments indicate a lower autophagic flux during starvation.  
 The levels and turnover of endogenous LC3-I/-II were also quantified. Of note, 
the amount of LC3-I (the cytosolic form) in VPS13A-depleted cells was higher than in 
control cells, suggesting that conversion of LC3-I to LC3-II was affected (Fig. 6A and 
D). LC3 turnover was also consistent with a partial block of autophagic flux as the 
difference in the LC3-II levels between cells treated with or without chloroquine was 
reduced in VPS13A-silenced cells in both conditions (Fig6. A and E). All together, 
these results indicate that VPS13A is required for efficient autophagy at basal and 
starvation conditions in human HeLa cells. 
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Discussion  
 
We have characterized the role of TipC and TipD in Dictyostelium autophagy. TipD 
encodes a homolog of the S. cerevisiae Atg16 but shows a higher similarity to the 
human ATG16L1 because it contains a large C-terminal region that is not present in the 
yeast model. This is another example of the close similarity of the autophagy machinery 
between Dictyostelium and animal cells.2  
 Dictyostelium TipC and human VPS13A belong to the VPS13 family. To our 
knowledge, this is the first description of the role of this protein family in autophagy. 
Dictyostelium genome encodes other 5 Vps13 proteins, which have not been 
characterized yet. Similarly, the human genome also codes for several members of this 
family (VPS13A/B/C/D). Two of them, VPS13A and VPS13B, are responsible for the 
diseases chorea-acanthocytosis and Cohen syndrome, respectively. These diseases differ 
in many phenotypic and pathological aspects so it is likely that these proteins have 
diverged in their function. In addition, the analysis of amino acid identity shows that 
VPS13A and VPS13C are more similar between them, while VPS13B is more distantly 
related. The Dictyostelium TipC shows higher similarity to human VPS13A and 
VPS13C than to VPS13B. Interestingly, the expression of the C-terminal region of TipC 
allows the strain to progress in development, pass the finger stage and form 
differentiated spores and stalks, a process dependent on autophagy. These results 
suggest that the C-terminal region is important for autophagy regulation. This region 
contains 2 conserved domains also present in the human VPS13 proteins (DUF1162, 
and ATG_C). The first one is a domain of unknown function, and the second one is a 
short region of similarity with Atg2, a protein that is recruited together with 
WIPI1/Atg18 to the sites of autophagosome formation. 
 The function of VPS13 proteins has been addressed in other model systems like 
the yeast Saccharomyces cerevisiae and the protozoa Tetrahymena thermophila. 
Interestingly, the Tetrahymena VPS13A localizes to the phagosome membrane and it is 
required for efficient phagocytosis.27 A relation between autophagy and phagocytosis 
pathways has been described in mammalian phagocytes and this connection seems to be 
required for efficient killing and digestion of extracellular pathogens.34 The 
phagocytosis defect observed in Dictyostelium tipC- is not profound and could be due to 
a side effect of the autophagy blockade.   
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 Yeast has only one Vps13 protein, which has been involved in membrane 
morphogenesis during sporulation but no defects in autophagy have been reported in the 
mutant strain so far. More specifically, the yeast vps13Δ cells show a depletion of 
PtdIns4P levels in prospore membranes.26, 39 Distinct PtdIns-phosphates play essential 
roles in autophagy at different levels. For example, PtdIns(3,4,5)P3 is essential for the 
signaling pathway that regulates TORC1 (TOR complex 1), and PtdIns(4,5)P2 is 
required for the formation of autophagosomes originated from the plasma membrane.40 
Another important PtdIns molecule is PtdIns3P, which is formed at the ER-derived 
omegasome by the action of the class III PtdIns3K/Vps34. This signaling lipid is 
required for the recruitment of Atg18 and Atg2 to the phagophore site. Our results in 
Dictyostelium show a lower recruitment of the marker GFP-Atg18 in cells lacking TipC, 
which might indicate a defect at the level of PdIns3P signaling. However, VPS13A-
depleted HeLa cells, although impaired in autophagy flux, show the accumulation of 
autophagic markers, including WIPI1, the counterpart of Atg18. These results suggest 
that Dictyostelium TipC and human VPS13A regulate autophagy at different stages. 
Due to the large number of members of the VPS13 family in Dictyostelium and humans, 
we can not be certain if the Dictyostelium TipC is the precise functional counterpart of 
human VPS13A. It is likely that the different members could regulate autophagy at 
different levels or even distinct but related processes, an issue that will require the 
complete characterization of the different proteins of the family in both species. 
 Previous studies in human cells report that silencing VPS13A in K562-
erythrocytic cells and vascular endothelial cells leads to changes in cell shape and 
cytoskeletal architecture.24, 25 It has been suggested that VPS13A-depleted cells have 
lower activity of class I PI3K at the plasma membrane and this affects the control of 
actin cytoskeleton.25 Class I PI3K inhibits autophagy through activation of TORC1, 
thus it is possible that VPS13A-depleted cells have a higher activation of the inductive 
stages of autophagy. However, even if this occurs, the concomitant accumulation of 
autophagic markers and the reduction in autophagic flux indicate that autophagosome 
maturation is impaired in VPS13A-silenced cells.  
 Malfunction of autophagy is associated with a variety of human diseases, 
including the most prominent neurodegenerative diseases,41 and therefore, an increasing 
number of autophagy-modulating compounds are being tested in clinical trials.29 The 
role of TipC and VPS13A in autophagy opens a new perspective in the functional 
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studies of this protein family and warrants further explorations on the involvement of 
autophagy in VPS13-related diseases, and more specifically, in chorea-acanthocytosis. 
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Materials and Methods  
  
Dictyostelium cell culture and genetic manipulations. Dictyostelium Tip mutants 
were obtained from Dicty-stock center (kindly deposited by William F. Loomis).  The 
parent strain, AX4, was used as wild type. Cells were grown axenically in complete 
medium (HL-5 or SIH medium; Formedium, HLB0102; SIH0102), or in association 
with Klebsiella planticola on SM-agar plates. Transformations were carried out by 
electroporation as described previously.42 For synchronous development, axenically 
growing cells were washed from culture media by centrifugation, resuspended in PDF 
buffer (20 mM KCl, 9 mM K2HPO4, 13 mM KH2PO4, 1 mM CaCl2, 1 mM MgSO4, pH 
6.4) and deposited on nitrocellulose filters (Millipore, HABP04700). The C-terminal 
region of TipC was amplified by PCR from genomic DNA and cloned into the 
pCGFPCTAP vector (fused to GFP at the C terminus). 
 
Calcofluor staining, sporulation, and phagocytosis assays. Calcofluor (Sigma, 
F3543) staining and sporulation assays were performed as described previously.43 
Sporulation efficiency was calculated taking into account the spore production and the 
viability of the formed spores and given as a percentage related to the result of wild-
type AX4 strain. For the phagocytosis assay, vegetative growing cells were incubated 
with fluorescent latex beads (Fluotesbrite 1.0 Micron Microspheres; Polysciences, 
18860) and treated as indicated previously.44 The amount of internalized fluorescence 
was measured in a fluorimeter and corrected by protein concentration in each sample.  
 
HeLa cell culture and small interfering (siRNA) experiments. HeLa cells stably 
expressing GFP-LC3 were kindly provided by Aviva M Tolkovsky (John Van Geest 
Center for Brain Repair, Cambridge, UK) and described previously.45 Cells were 
maintained in complete medium (DMEM, Dulbecco modified Eagle medium). 
Knockdown was performed by transfection of VPS13A siRNA (Ambion, s23340) or 
control siRNA (Ambion, control#2) with Lipofectamine RNAiMAX (Invitrogen, 
13778-150), according to the manufacturer´s instructions. Cells were transfected again 
with the same siRNAs after 2 days from the first transfection and the assays were 
carried out 3 days later. The level of depletion of VPS13A mRNA was measured by 
TaqMan PCR (Applied Biosystems, Hs00362891_m1) and found to be 89.5 ± 2.9 % for 
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all the experiments shown. GFP-WIPI-1 transfections were performed using 
Lipofectamine 2000 (Invitrogen, 11668-019) according to manufacturer´s instructions 
and the plasmid pMX-IP GFP-WIPI-1 (Addgene, 38272).  
 
Autophagy detection in Dictyostelium. In vivo confocal analysis of autophagic 
markers GFP-Atg8 and GFP-Atg18, immunofluorescence of ubiquitin aggregates, and 
proteolytic cleavage assay were performed as described previously.10, 32, 46 For 
starvation assays, complete medium was replaced with PDF buffer or SIH medium 
without arginine and lysine (Formedium, SIH1001) 1 h prior to visualization. 
 
Autophagy detection in HeLa cells. For confocal visualization, cells were incubated in 
complete medium (DMEM, Dulbecco modified Eagle medium) or starvation medium 
(EBSS, Earle balanced salt solution) for 2 h, fixed with 4% paraformaldehyde and 
mount with ProLongGold (Invitrogen, P36934) for visualization. For western blot 
analysis, total cell lysates were isolated using RIPA buffer from cells incubated in 
complete or starvation medium for 4 h in the presence or absence of 5 M chloroquine. 
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Western blot and confocal microscopy. Immunoblots were performed using anti-GFP 
(Sigma-Aldrich, G1544), anti-LC3B (Cell Signaling Technology, 2775), anti-GAPDH 
(Enzo LifeSciences, ADI-CSA-335) and anti-VPS13A (Santa Cruz Biotechnology, sc-
109138) antibodies and the appropriate HRP-conjugated secondary antibody (Santa 
Cruz Biotechnology, sc-2004; sc2005). VPS13A detection was performed as previously 
described.21 The western blot bands were quantified by densitometry (ImageJ software). 
Confocal images were acquired using an inverted Zeiss LSM 710 laser-scanning 
microscope (Carl-Zeiss-Strasse 22, 73447 Oberkochen, Germany). Puncta were counted 
using ImageJ software.  
 
Statistical analysis. Data were shown as mean with SD (standard deviation) and 
analyzed using the Student t test. A P value <0.05, P<0.01 or P<0.001 was denoted by 
*, **, or ***, respectively.  
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Figure legends  
 
Figure 1. Autophagic flux is decreased in tipC- and tipD- cells. Proteolytic cleavage 
assay was performed in strains transfected with the marker GFP-Tkt-1. Protein extracts 
were analyzed by western blot using anti-GFP antibody. (A) The accumulation of 
cleaved GFP fragment (black arrows) in the presence of 100 mM NH4Cl is reduced in 
tipC– and tipD– mutants compared to the wild-type AX4 strain. (B) tipA– and tipB– 
levels of cleaved GFP are similar to those of AX4. The complete GFP-Tkt-1fusion 
protein is marked by white arrows and the stars indicate nonspecific immunoreactive 
bands. 
 
Figure 2. The conserved C terminus of TipC largely complements the tipC- phenotype. 
(A) Scheme of the 3848-amino acid TipC protein and the conserved domains (colored 
boxes). The line under the scheme depicts the fragment expressed in the 
complementation experiments. Alignment of the N-terminal (B) and C-terminal (C) 
regions of D. discoideum TipC (EAL73163.1) and the human VPS13A (NP_150648.2) 
proteins using the ClustalW algorithm and shaded using the Boxshade tool at the SDSC 
Biology WorkBench server (http://workbench.sdsc.edu/). Identical residues are shaded 
black, and similar residues are shaded gray. Colored boxes frame the conserved 
domains. (D) Western blot using anti-GFP antibody confirmed the presence of a unique 
band of 150 kDa in the transformed strain with the C-terminal region of TipC (amino 
acids 2725 to 3848) fused to GFP. Lanes 1 and 3 correspond to protein extracts of AX4 
and tipC- that do not express the fused proteins and were used as controls of antibody 
specificity. (E) The C-terminal TipC polypeptide fused to GFP is localized in the 
cytoplasm according to in vivo confocal microscopy visualization of transformed cells. 
(F) The complemented strain rescues fruiting body development. Scale bar: 100 μm. 
(G) Calcofluor staining shows details of stalk differentiation and spore shape of the 
different strains. For tipC- mainly cell debris could be visualized.  Scale bar: 10 μm. 
Spore efficiency of each strain (sp. eff.) is indicated. (H) Phagocytosis rate of the wild-
type, the mutant, and the complemented strain was measured through the internalized 
fluorescent signal of cells that were previously incubated with fluorescent beads during 
the indicated times.   
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Figure 3. The pattern of GFP-Atg8 is altered in tipC- and tipD- cells. (A) In vivo 
confocal analysis of cells expressing GFP-Atg8 in growing and starvation conditions. 
Puncta formation is inhibited in starved tipC- cells compared with AX4. In contrast, 
large aggregates of the autophagosome marker are evident in tipD- cells in both growing 
conditions. (B) Immunofluorescence of ubiquitin in the cells expressing GFP-Atg8 
demonstrates the presence of ubiquitin-positive protein aggregates in both mutants. The 
ubiquitin structures are smaller in tipC- cells and do not always colocalize with GFP-
Atg8, while the autophagosome marker is clearly contained in the large tipD- 
ubiquitinated aggregates. Scale bar: 10 μm. 
 
Figure 4. GFP-Atg18 puncta signaling is decreased in tipC- cells and accumulates in 
tipD- cells. (A) Cells expressing GFP-Atg18 were analyzed in vivo by confocal 
microscopy. Puncta formation is induced under starvation conditions in AX4 cells. 
However, most of tipC- cells do not display any puncta. Conversely, many puncta are 
observed tipD- cells regardless of the nutritional conditions. Scale bar: 10 μm. (B) 
Quantification of GFP-Atg18 puncta of at least 100 cells in blinded images from 3 
independent experiments. Results are shown as mean values with standard deviations of 
the percentage of cells showing the indicated number of puncta. Asterisks indicate the 
level of significance of the Student t test (* < 0.05; ** < 0.01).  
 
Figure 5. VPS13A downregulation causes GFP-LC3 and GFP-WIPI1 accumulation. 
(A) Western blot of control and VPS13A siRNA-transfected cells. A band of the 
VPS13A-predicted molecular weight decreases in the VPS13A-silenced cells. The 
asterisks indicate nonspecific immunoreactive bands. (B and C) HeLa cells stably 
expressing GFP-LC3 were transfected with control or VPS13A siRNAs and the pattern 
observed by confocal microscopy. VPS13A-depleted cells show accumulated puncta and 
less translocation from the nucleus to the cytoplasm during starvation. (D and E) HeLa 
cells were transfected with GFP-WIPI1 and the pattern observed by confocal 
microscopy. The number of puncta is higher in VPS13A siRNA-treated cells and does 
not significantly increase following starvation. The graphs show the mean and the 
standard deviation of puncta quantification of more than 40 cells from 3 independent 
experiments. Asterisks indicate the level of significance of the Student t test (* < 0.05; 
** < 0.01). Scale bar: 10 μm.  
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Figure 6. A reduced autophagic flux is observed in VPS13A siRNA-treated cells. (A) 
GFP-LC3, free GFP, and endogenous LC3-I/-II were analyzed by western blot from 
control or VPS13A siRNA-treated cells under growth or starvation conditions with or 
without 5 M chloroquine (CQ). (B, C, D, E) Densitometric quantification showing the 
mean and the standard deviations of at least 3 independent experiments. The data was 
normalized against GAPDH. Asterisks indicate the level of significance of the Student t 
test (* < 0.05; ** < 0.01; *** < 0.001). 
 
 
 
 
 
 
 
 






  
 
Figure S1. Amino acid alignment of TipD, with H. sapiens ATG16L1 and S. cerevisiae 
Atg16. Dictyostelium discoideum TipD (EAL69727.1) was aligned with H. sapiens 
ATG16L1 (NP_060444.3) and S. cerevisiae Atg16 (NP_013882.1) using the ClustalW 
algorithm and shaded using the Textshade tool at the SDSC Biology WorkBench server 
(http://workbench.sdsc.edu/).  
 
  
Figure S2. Amino acid alignment of the N  (A) and C terminus (B) of TipC with 
VPS13 proteins of other organisms. Dictyostelium discoideum TipC (EAL73163.1) was 
aligned with H. sapiens VPS13A (NP_150648.2) and VPS13C (NP_060154.3), S. 
cerevisiae Vps13 (CAA97491.1) and Tetrahymena termophila VPS13A (ADM47433.1) 
using the ClustalW algorithm and shaded using the Textshade tool at the SDSC Biology 
WorkBench server (http://workbench.sdsc.edu/).  
 
 Figure S3. Analysis of similarity in the VPS13 protein family. Identity (%) between 
human VPS13 family members and D. discoideum TipC (calculated using ALIGN 
program from Biology WorkBench, http://workbench.sdsc.edu/) and E-value (shown in 
brackets) of the best local alignment (LALIGN program from Biology WorkBench, 
http://workbench.sdsc.edu/). Accession numbers are as follows: VPS13A, 
NP_150648.2; VPS13B, NP_060360.3; VPS13C, NP_001018098.1; VPS13D, 
NP_056193.2; TipC, EAL73163.1. Alignment programs from the SDSC Biology 
WorkBench server (http://workbench.sdsc.edu/). 
 
